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A B S T R A C T
This article presents the methodology and results of the first screening conducted in Portugal to identify geo-
logical formations suitable for large-scale storage of energy from renewable sources. The screening focused on
the identification of adequate porous media rocks, salt formations and igneous host rocks that could act as
reservoirs for gas (hydrogen or methane) storage, Compressed Air Energy Storage, Underground Pumped Hydro
and Underground Thermal Energy Storage.
Public access geological information was collected, compiled in a database and spatially referenced in a GIS
environment. The GIS and database were cross-checked with criteria for selecting geological reservoirs and with
existing or anticipated spatial, environmental and social constraints. In a third step the feasibility of deploying
each large-scale energy storage technology in each prospective reservoir was assessed and classified according to
confidence, ranging from unlikely to proven, and to proximity to areas with wind or solar energy potential,
accessibility to power transmission lines and natural gas networks.
The outcome is a first screening of priority sites to be studied at the local scale in future projects. Early target
for detailed studies are the existing salt caverns and an abandoned salt mine in the Lusitanian Basin. Natural gas
storage in salt formations is being carried in the region for decades, proving the adequacy of the salt formations
and demonstrating the social acceptance. Porous media aquifers in the same Lusitanian basin may also hold an
interesting potential, although there is considerable uncertainty due to the scarcity of geological data about deep
aquifers. The Sines industrial cluster, in SW Portugal, is another interesting target area, due to the existence of a
host rock with proven containment capacity.
The technologies with the best potential for application in the Portuguese geologic context seem to be CAES
and Underground Gas Storage linked to Power-to-gas projects.
1. Introduction
Energy storage is essential for the integration of intermittent and
non-dispatchable renewable energy sources (RES) and for the man-
agement of fossil fuel power plants in a smart grid context [1]. Energy
Storage systems can broadly be classified in small-scale and large-scale
systems, based on the discharge times and power capacities (Fig. 1).
Large-scale energy storage systems have a power capacity of tens to
hundreds of MW and aim at long term storage purposes.
Large-scale energy storage is the best solution to provide a better
management of the grid, ensure energy security, balance supply and
demand and to convergence towards a low carbon economy, and in-
cludes benefits like reliability, power quality, transmission optimiza-
tion, black-start functions and arbitrage for utility companies [13,18].
The need for these large scale systems becomes evident when
looking at the projections of the European Energy Storage Association
which estimates that storage demand at EU level in 2050 will range
from 70 to 220 GW (compared to 45 GW existing today) and an energy
storage capacity of 1500–5500 GWh [17]. Previously, the International
Energy Agency [18] estimated that limiting global warming to below
2 °C will necessitate globally installed energy storage capacity to in-
crease from 140 GW in 2014 to 450 GW in 2050.
In recent years, underground space has been increasingly seen as a
potential reservoir for storage of energy carriers. The use of porous
media and salt caverns for storing natural gas is implemented in several
countries, but storage of CO2, heat, hydrogen and other energy carriers
have drawn awareness to the large storage space available in rock
formations, while minimising environmental and social impacts, and
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decreasing the need for surface space [2–4].
Moreover, underground reservoirs increase the security of storing
inflammable gases and can provide an economic value to the pore space
of depleted hydrocarbon reservoirs, non-potable aquifers, and aban-
doned tunnels and mines. Still, proper selection and characterisation of
geological reservoirs is essential to decrease risks and impacts (e.g.
induced seismicity, contamination of freshwater aquifers, loss of fluid,
etc) resulting from the injection of a fluid in a geologic formation.
Geological storage of energy can be accomplished by injection of
compressed air (compressed air energy storage - CAES), water (under-
ground pumped hydroenergy storage - UPHES), gas (methane or hy-
drogen - underground gas storage - UGS) or heat (underground thermal
energy storage-UTES) in porous rocks or engineered rock caverns.
These technologies are at very different Technology Readiness Levels,
some being already commercially implemented for decades (such as
CAES and UTES) while others are almost conceptual (UPHES).
A CAES facility stores mechanical energy by using electricity to
compress air and inject it in a geologic formation. When electricity is
required, the pressurized air is expanded in a turbine, driving a gen-
erator for power production (Fig. 2a) [5–8]. There are two commercial
CAES plants in the world, the 290MW Huntorf plant in Germany, op-
erational since 1978, and the 110MW McIntosh plant in USA, which
started operations in 1991 [1,7,9]. Both facilities resort to storage in
salt caverns and use natural gas to heat-up the expanding air stream
(Diabatic CAES), but the quest for higher efficiencies has led to research
in technology variants in which the heat of compression is stored se-
parately and fed back into the compressed air upon expansion (Adia-
batic CAES).
UGS relies on a Power-to-Gas process in which surplus renewable
energy is used to produce a gas fuel (e.g. hydrogen, methane) which is
injected in a geologic reservoir and used to generate electricity when in
peak demand (Fig. 2b). This technology benefits from the wide ex-
perience with storing natural gas in geological formations, a mature
technology implemented on many locations worldwide [5]. However,
there are only three hydrogen storage facilities, two of which are in the
USA, and another one in UK, all in salt caverns [10].
UHPS is an adaptation of the conventional Pumped Hydro Energy
Storage, conceived to eliminate dependency of the latter upon topo-
graphy, provide higher hydraulic heads and reduce environmental
concerns (Fig. 2d). In UPHS the lower water reservoir is underground,
in a cavern [1,4,11]. The gravitational energy is established by eleva-
tion differences between the surface and the underground water re-
servoirs [5]. There are currently no operational UPHS facilities.
UTES in geological formations is accomplished by injecting and
subsequently extracting hot/cold water from a geologic reservoir using
one or more wells, coupled through hydraulic pumps and heat ex-
changers (Fig. 2c), providing seasonal storage of heat in underground
reservoirs [12–15]. The geological reservoir can be a porous media
(aquifer thermal energy storage), an engineered cavern (Rock Cavern
Thermal Energy Storage), such as the use of a mine in the southern part
of the Netherlands, where a low temperature district heating system is
operational since 2008 [16], or a set of boreholes coupled with heat
exhangers (Borehole Thermal Energy Storage). The latter is generally of
smaller-scale than the other UTES systems and is not further addresses
in this article.
The need for development of business models, demonstration and
pilot programmes in large scale storage particularly related to P2G,
hydrogen and CAES has been recommended by several bodies ([19]
{[19], 2013 #772).
In Europe several countries have already started planning their
energy policy considering the large storage capacity provided by geo-
logical reservoirs. The Netherlands are studying the use of underground
gas storage to replace the swing capacity of natural gas fields, while
Germany launched three geoscientific research projects working on
geological storage options – ANGUS+ , InSPEE, H2STORE {[21], 2017
#757}. In the UK several Projects of Common Interest, funded at EU
level, have been proposed to study the possibility of CAES in multiple
locations in the UK [20]. Several other European contries are active in
this domain, with the Czech republic testing the storage of thermal
energy in rock massifs and abandoned mines, and Ireland and Swit-
zerland planning the implementation or conducting pilot projects on
CAES.
Recently the European Union, in the scope of Horizon 2020, com-
missioned the mapping of the large-scale energy storage capacity in the
EU Member States- the EASTMAP project [5]. ESTMAP regarded energy
storage in a broad context and covered gas-, heat- and electricity-re-
lated services, as well as various carriers used to capture and transport
energy (e.g. hydrogen, compressed air, etc.). The project was conducted
by a consortium composed of TNO, BRGM, ECOFYS and VITO, but
other entities were subcontracted for data collection and treatment in
Fig. 1. Ranking of electrical storage technologies according to discharge time and power capacity. Technologies which can make use of storage geological reservoirs
are marked in bluish. Adapted from Aneke and Wang [33].
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each of the EU Member States.
This article presents the results of the mapping conducted in
Portugal and addresses the identification of the geological formations
suitable for energy storage and the match between reservoir types and
energy storage technologies.
2. Methodology
The distinction between use of the porous space and use of caverns,
provides the main difference between geological formations targeted
formationstageted for energy storage (Fig. 2):
• Porous media reservoirs, in which storage of energy is achieved by
filling the pores in the rock media with an energy carrier injected in
the reservoir through wells. Production of energy takes place by
recovering the fluid through the same or other wells. Saline aquifers
and depleted hydrocarbon reservoirs in sedimentary rocks, such as
sandstones, limestones, conglomerates, etc…, are typically the
target formations, due to the high porosity (to provide the storage
capacity) and permeability (to ensure injectivity and productivity);
• Engineered caverns, in which the energy carrier is stored in an un-
derground cavity with a well-defined geometry, usually spread over
an area of a few thousand of m2. Engineered caverns require low
porosity and low permeability rocks to ensure that the stored fluid
does not migrate to the surrounding formation. Caverns created by
solution-mining of salt rocks are the most common - there is a vast
experience in natural gas storage in salt rocks. Caverns may also be
created through excavation of host-rocks, a term referring to low
porosity / low permeability hard-rocks, such as granites or basalts,
or soft-rocks such as shales or unfractured limestones. Caverns in
abandoned mines can be used, especially if combined with the use of
linings to ensure containment of the fluids and allow for higher
storage pressure (LRC – Lined Rock Caverns).
The reservoir types considered in this work were salt rock forma-
tions (bedded salt and salt domes), saline aquifers, igneous host-rocks
and existing or planned caverns with well-defined geometries. Depleted
hydrocarbon fields do not exist in Portugal and abandoned mines were
not considered except for salt mines.
Fig. 3 depicts the workflow to select the reservoirs and their match
with the storage technologies. In a first step, the identification and
mapping of the potential reservoirs relied on public access information
collected from geological surveys, geological maps, scientific publica-
tions, drilling records and borehole logs, as well as data supplied by the
Fig. 2. Schematic representation of large-scale energy storage technologies and main geological reservoir types.; a) Compressed Air Energy Storage (CAES), with
surplus electricity being used to compressed air and inject it in a depleted oil reservoir. During peak demand, air is produced, heated and expands to generate
electricity; b) Underground Gas Storage (UGS), connected to a power-to-gas process with hydrogen or methane being produced and stored in salt caverns; c)
Underground Thermal Energy Storage (UTES) in winter configuration, extracting groundwater previously injected in an aquifer to heat the building resorting to heat
exhangers. In summer configuration the flow direction is reversed and the building is cooled; d) Underground Pumped Hydro Storage (UPHS), with the lower
reservoir and power station in engineered rock caverns in a host-rock. The figure also represents the main geological reservoir types. Notice that each storage
technology may be applied in different reservoir types, see Table 5 for feasibility and maturity of each storage technology for the different reservoir types. Adapted
from {Barnes [1] #766}{[34] #655}.
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regulating authorities and managing companies. A database and GIS
were filled with public access information on each reservoir type such
as: location of the reservoirs, geologic and stratigraphic characterisa-
tion, properties (e.g., depth, thickness or porous volume, etc.) and de-
velopment status (Table 1). Two types of spatial definitions were used:
“local reservoirs” which represents a concrete asset or unit that can be
evaluated or deployed for storage; “regional reservoir” which re-
presents a larger area or formation that cannot be used for storage as
such but inside which there is scope for identifying site-specific (local)
potential [5].
The second step involved identifying the constraints due to en-
vironmental, safety or social factors. For this purpose, the existence of
environmental protected areas, groundwater protection zones and
thermal springs, proximity to urban areas or major infrastructures (such
as airports, highways), interference with other ongoing or planned
subsurface activities (potential CO2 storage, geothermal development,
salt rock mining) or seismic risk maps and neotectonic features were
cross-checked against the reservoirs selected in step 1 (Table 1).
Fig. 3. Workflow for reservoir selection and
assessment of technologies suitable for each
reservoir. Step 1 relies on the collection of
public access data on the geological forma-
tions, their features and on the integarion in a
GIS environment; step 2 uses the GIS to iden-
tify the relevant constraints for each possible
reservoir in step 2; step 3 assesses the feasi-
bility of applying each energy storage tech-
nology individually at each reservoir selected
in step 2.
Table 1
List of Geographical Information System dataset and attributes considered for reservoir identification.
Location and
geometry
Characterisation Properties Development status Restrictions
Aquifers Salt formations and
host rocks
Existing caverns
Geometry Main Reservoir Type Top Depth Top Depth Total Cavern
Height
Available Natura 2000 and environmental
protected areas
Domain Reservoir Subtype Total Thickness Total Thickness Total Area Current
Development
Urban areas or infrastructures
Spatial Hierarchy Lithostratigraphy Total Area Total Area Total Cavern
Volume
Planned
Development
Groundwater protection zones and
thermal springs
Centre point
latitude
Lithostratigraphy Level Total Bulk Volume Total Bulk Volume Total Mined
Volume
Operator Name Other Surface Restriction
Centre point
longitude
Chronostratigraphy Total Pore volume Number of caverns Number of caverns Licence Name Subsurface Conflict
Country Main Lithology Total Porosity Pressure Ownership Seismic risk and netotectonic
features
State Reservoir Seal Lithology Net Porosity Temperature End Year Alternative Use Potential (CO2
storage, mining, geothermal)
City Fluid Fill Permeability Wells
Geological Region Transmissivity Storage Facility
Name
Structural Element Productivity
Pressure
Temperature
Total Heat in place
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In a third step the feasibility of deploying each large-scale energy
storage technology in each prospective reservoir was assessed. The
storage technologies resorting to geological reservoirs are at different
stages of development and encompass a wide range of technology
readiness, from conceptual designs to mature technologies (Table 5).
The following confidence classes were adopted1 [21]:
• Proven: The reservoir has been developed for a given or similar
technology or a confirmed development plan is present;
• Likely: Feasibility is technically considered probable. Either site-
specific assessments have been carried out or concrete plans for
development are presented;
• Possibly: Feasibility is technically considered possible (based on re-
gional quick scans, subsurface evaluations or technical assump-
tions). Suitability should however be confirmed by site-specific in-
vestigations.
• Unknown/Maybe: Feasibility determination is still pre-mature and
suitability for the given energy storage technology is unknown/
unconfirmed. Based on generic geological assumptions there may
however be scope for further investigations to assess suitability.
• Unlikely: The potential for given technology is absent or very un-
likely (considering the generic geological conditions).
Steps two and three were conducted iteratively because the con-
straints assessed in step two may vary with storage technology and with
reservoir type.
3. Results
About two thirds of mainland Portugal is composed by igneous and
metamorphic hard-rocks from the Palaeozoic, and occasionally from
the Proterozoic, affected by the Hercynian orogeny (560 – 245Ma) and
usually highly faulted and fractured. Sedimentary cover in these ter-
rains is sparse and thin, mostly composed by recent alluvial and ter-
races, without any relevance as potential reservoirs for large scale
storage. Any suitable targets in these Hercynian massifs would be the
tardi-hercynian igneous intrusions.
Along the edges of that Hercynian massif, sedimentary basins were
installed during the Mesozoic and Cenozoic: the Lusitanian basin, in the
western Iberian margin; the Algarve basin, along the south margin of
the country; and the Cenozoic Tejo/Sado Basin, that spreads along
west-central Portugal. The sedimentary basins were emplaced during
the opening of the Atlantic, which also promoted the intrusion of sub-
volcanic massifs (Sintra, Sines and Monchique massifs). Although af-
fected by inversion movements during the Alpine cycle, the sedimen-
tary terrains and sub-volcanic rocks are much less faulted and folded
than the formations in the Hercynian massif. The Meso-Cenozoic basins
are known to have several salt domes and salt formations that are
priority targets for energy storage [22,23]. Porous media reservoirs
were the targets in these sedimentary basins, and specifically, saline
aquifers, since hydrocarbon fields are yet to be identified in Portugal.
3.1. Salt rock reservoirs
Salt rocks may occur underground as extensive horizontal beds with
thickness ranging from a few centimetres to hundreds of meters, or as
vertical structures (domes, pillars, walls) when a deep salt bed intrudes
vertically into surrounding rock strata. Salt is characterized by very low
permeability, which ensures a very high-quality containment for gases
and air. Caverns can be easily built by dissolving the salt with injection
of freshwater through vertical wells.
In Portugal salt formations are quite common in the Lusitanian
Basin, where they occur both as bedded salt formations and as salt
domes in the Lower Jurassic (Hettangian) Dagorda Formation (marls,
gypsum and salt layers) (Fig. 4). The salt domes have been emplaced by
halokynetic movements, where the evaporite rocks in the Dagorda
Formation, due to low density and high ductility, have worked as a
detachment layer, often originating listric faults, between the overlying
Mesozoic cover and the underlying Upper Triassic formation [22,24].
Fig. 5a illustrates the occurrence of several salt domes, the most
relevant ones being the Caldas da Rainha salt dome, extending for tens of
km along the western border of the Bombarral sub-basin and effectively
delimiting this sub-basin, the São Pedro de Moel and the Monte Real salt
domes, both occurring west of the Nazaré Fault, and the Porto de Mós-
Rio Maior salt dome occurring along a NNE-SSW fault. Currently, the
Monte Real salt dome is being used for storage of natural gas, with six
operational caverns and three others planned.
Other salt domes in the Lusitanian basin are more localised.
Amongst those, the Matacães salt dome has been mined for salt through
vertical boreholes. Mining took place for several decades but operations
were shut down in 2014.
Salt formations are less conspicuous in the Algarve basin, where
they are associated to thick evaporitic layers in the Upper Triassic-
Hettangian Silves Complex [23]. Some relevant anticlines are known,
although only the Loulé anticline is well characterized and is currently
being mined through mechanical techniques (Fig. 5c).
Hydrocarbon exploration boreholes have intersected some of the
mentioned salt formations, showing thick sequences of salt interbedded
with terrigenous layers, up to 1000m deep in the Monte Real, S. Pedro
de Moel, Pinhal Novo and S. Mamede, and shallower at Matacães, Fonte
da Bica, Parceiros-Leiria and Loulé salt domes. However, for some of the
salt formations and domes, such as the S. Pedro, Soure, Faro or Sesimbra
domes, data about the thickness and lateral extent is virtually inexistent
or inferred only from geophysical surveys.
The general criteria for selection of potential salt rock reservoirs is
depicted in Table 2:
A second set of criteria relates to operational, construction, or en-
vironmental factors, and includes:
• Terrain slope< 12%;
• Proximity to freshwater or groundwater sources (for solution
mining) and to natural gas pipelines;
• Inexistence of environmental sensitive areas and groundwater pro-
tected areas.
These criteria were applied in a Geographical Information System
(GIS) environment, and those salt formations that failed any of the
criteria in the entire area of surface occurrence of the salt formation,
were discarded. If the salt formation fails the criteria only in part of its
surface area, the salt formations was regarded as suitable.
Seventeen salt formations, either salt domes or bedded salt, were
inventoried in the Hettangian “Dagorda” Formation, although several
of them with relevant constraints for energy storage development in
part of the surface area. In some cases data on the features of the salt
formation at suitable depth is very scarce (e.g. Santa Cruz, Bolhos,
Verride, Sesimbra and Faro salt domes). The known surface area of the
salt domes varies considerably, from 0.8 km2 for the Santa Cruz salt
dome to the almost 200 km2 of the complex diapiric valley of Caldas da
Rainha.
The Matacães and the Campina de Cima – Loulé salt mines were also
inventoried as possible reservoirs, as were the six existing and three
planned salt caverns for natural gas storage, located at Carriço, in the
Monte Real salt dome. Except for the Matacães mine, the other caverns
are currently unavailable for storage purposes since there are ongoing
or planned activities on them.
3.2. Porous media reservoirs
Porous media reservoirs, that is permeable sedimentary rocks (such1 The assessment did not incorporate legal, economic and societal aspects.
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as sandstones, conglomerates, etc.) should preferably be saturated in
high salinity groundwater, define structural or stratigraphic traps to
ensure lateral containment (such as anticlines), and be overlain by an
impermeable formation (the cap-rock) to avoid buoyancy and vertical
migration of light fluids, namely air, methane or hydrogen [9].
The identification of the porous reservoirs was based on previous
studies for assessmentof CO2 storage sites [25]. The regional-scale as-
sessment followed a set of criteria defined in the COMET project
(Table 3) and described in its deliverable D3.1 [26].
Four onshore reservoirs deemed as acceptable for CO2 storage were
also considered adequate for energy storage. Further details about those
aquifers can be found in Pereira et al. [25], but they are located within
a relatively small area in the north sector of the Lusitanian basin and in
every case the reservoir is composed by the Silves Formation sandstones
and conglomerates (Upper Triassic).
Two additional reservoirs were selected based on studies conducted
to identify the CAES storage potential in siliciclastic deep aquifers in the
Algarve and Lusitanian basins [27,28]. They identified potential for
CAES in the Lower Cretaceous siliciclastic rocks of the Torres Vedras
Formation, in the north sector of the Lusitanian basin, and the Upper
Jurassic sandstones of the Abadia formation in the Central sector of the
same basin (Fig. 6).
3.3. Host rocks reservoirs
Host rocks are low permeability and low porosity rocks where en-
ergy storage can be accomplished in engineered rock caverns or in
abandoned mines. The lithologies adequate for the reservoirs are ig-
neous rocks, metamorphic rocks, shales and massive limestones, with
the common requirement of not presenting relevant faulting or frac-
turing.
In recent years, research has focused on the possibility of using
linings in the cavities (LRC – Lined Rock Caverns) to ensure contain-
ment of the fluids and allow for higher storage pressure. LRC tech-
nology widens the scope of suitable reservoirs and allows for shallower
depths, at an increased economic cost. However, the possibility of using
LRC was not considered in the assessment presented in this article.
The adopted methodology for reservoir assessment was crude and
just based on identifying igneous massifs least subjected to fracturing
and deformation stages imposed by the Hercynian orogeny. Granitoid
plutons intruded during at least three stages of the Hercynian orogeny
and were affected by some, if not all, of the fracturing and deformation
phases of that orogeny. Those emplaced at the later (tardi to post-
Hercynian) stages of the orogeny show less faulted and fractured con-
ditions. Dias, Leterrier [29] have dated the plutons in the Iberian massif
and identified those that correspond to tardi to post-Hercynian granites.
The reservoir identification focused on those granites and considered
the screening criteria presented in Table 4 [5,6]. In total, eight granite
massifs were selected and included in the database. Still, it is a crude
regional analysis, requiring local-scale studies.
The host rocks not affected by the hercynian orogeny, emplaced
during the initial stages of opening of the Atlantic, are more likely to be
suitable for energy storage in engineered caverns. There are only three
such igneous rock massifs in onshore Portugal, the Sintra, Sines and
Monchique sub-volcanic massifs. The Sintra massif was discarded since
it coincides with one of the most important environmental protected
areas in the country. The other two massifs show more favourable lo-
cations. In fact, there is already an engineered cavern built in the Sines
massif for storage of Liquified Petroleum Gas (LPG), operating for
several years, proving that the massif presents adequate conditions for
storage of energy carriers.
Twelve host rocks formations were selected as prospective under-
ground reservoirs, including the LPG cavern in the Sines massif, which
may present an opportunity for energy storage, should its current use be
discontinued (Fig. 7). Apart from the LPG cavern and the Sines and
Monchique massifs, which are known to be poorly fractured and faulted,
the level of confidence for all other granitoid massifs is low, and its
inclusion in the list of potential suitable sites should be regarded just as
indications of areas for further studies, notably on the degree of faulting
and fracturing.
3.4. Feasibility of storage technologies
The geological reservoirs (Fig. 8a) selected in step 2 of the metho-
dology were further screened against the criteria required for im-
plementation of each of the energy storage technologies, taking into
account the maturity of the technologies (Table 5). Each of the re-
servoirs were classified as Proven, Likely, Possibly, Unknown/maybe or
Unsuitable for CAES, UPHS, UTES and UGS technologies as shown in
Fig. 7.
With respect to the technologies involving the storage of in-
flammable gases (UGS, which involves storage of methane or hy-
drogen), or of air at high pressure, evaluating the adequacy of the
technology involved a further set of criteria (based on the portuguese
safety regulations for natural gas storage [30]:
• Distance to airports or military facilities> 20 km.
• Distance to roadways or railways> 100m.
• Distance to populated areas> 200m.
Fig. 4. Main morphotectonic units in Portugal: Lusitanian, Algarve and Tejo/
Sado sedimentary basins where the possible targets are porous media aquifers
and salt formations; Hercynian massif, where the target reservoirs are the less
tectonised igneous rocks. Also, shown the current (2017) locations of energy
generation from renewable energy sources with a power capacity above 10MW
(excluding the biomass and cogeneration sources). See the online version for
colour code.
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• Nonexistence of known active faults or high seismic risk.
The technologies with the largest potential for application in the
geological reservoirs identified in mainland Portugal are CAES and UGS
(Fig. 7). For CAES the assessment identified three Likely reservoirs (two
salt formations and one abandoned salt mine), multiple Possibly re-
servoirs (the nine existing or planned salt caverns, most of the salt
formations and all six saline aquifers). Almost every potential igneous
rock reservoir was regarded as Unknown/maybe, while the Vila Pouca de
Aguiar pluton, crossed by an important active fault and the LPG_Sines
cavern, due to its shallow depth, were considered unsuitable for CAES
purposes.
The salt caverns currently used in Portugal for storing natural gas
reserves in salt caverns are considered Proven reservoirs for UGS, as is
the Monte Real salt dome where those caverns were built. The three
planned caverns for natural gas storage were labelled as Likely re-
servoirs. Nine salt formations were deemed as Possibly. All aquifer and
host rock reservoirs were considered Unsuitable or Unknown/maybe. The
Fig. 5. Location of salt formations in the Lusitanian and Algarve basins. Six existing and three planned salt caverns (overlapping at the scale of the figure) in the
Monte Real salt dome and two salt mines are also shown.
Table 2
Screening criteria for selection of salt formations for energy storage in solution-
mined caverns. Based on [5,6].
Criteria Requirements
Geology Rock Type Salt formations
Structure Salt Domes or Bedded Salt
Composition 95% of Halite
Caprock Anhydrite, Gypsum, Limestone
Depth 200–2000m
Height of cavern (H) Typical values around 300m
Diameter of cavern (D) Typical values around 70m
Maximum Salt temperature 80 °C
Volume of Storage 300,000–750,000m3 (Salt domes); 100,000m3
(Bedded Salt)
Table 3
Screening criteria for selection of deep saline aquifers for energy storage.
Storage capacity
Porosity 6–15% porosity, storages will be taken in account depending on other parameters. More than 15% porosity, storages will be
considered.
Trap type Aquifer traps and regional aquifers.
Depth of reservoir Structures and formations whose top is placed at 500m or higher depths. Depths higher than 2000m due to porosity decrease
and costs increase with depth.
Injectivity
Trap type Closed traps/closed aquifers to be favoured over open aquifers.
Permeability Permeability preferably above 200mD for a specific reservoir to provide sufficient injectivity. Lower permeability considered
depending on other parameters.
Rock mechanics, diffusivity, evolution of
piezometry.
Maximum pressure increases related to the geo-mechanical characteristics of the aquifer, and its propagation into the aquifer
governed by diffusivity. Geo-mechanical and diffusivity parameters should be taken into account whenever information is
available.
Integrity of seal
Permeability Permeability of sealing rocks low enough to prevent air flowing from the storage. Maximum permeability of 10‐2 mD.
Seal thickness Sealing rock thicker than 50m.
Faulting and tectonic activity Less faulted formations favoured. The regional tectonic activity to be considered from seismo-tectonic maps and recent seismic
records. Discard formations/traps crossed by active faults.
Homogeneity of seal rocks Homogeneous and laterally continuous formations to be favoured
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same feasibility classification was adopted for storage of methane and
hydrogen, although it is acknowledged that the much smaller hydrogen
molecule is more prone to diffusion and is more demanding in terms of
sealing capacity of the storage complex.
UPHS and UTES seem to be of less obvious interest, the former
because the suitable reservoirs are restricted to caverns to be built in
igneous rocks, which are mainly situated in locations (northern part of
the country) where topography is also favourable to implement the less
expensive PHS with surface reservoirs. Suitable reservoirs for UTES are
restricted to aquifers, although due the scarcity of information those
were classified as Unknown/maybe possibilities. Nevertheless, and given
the mild climatic conditions of the country, it is not obvious the im-
plementation of large-scale UTES, even though small scale projects may
be of interest.
4. Discussion
In Portugal the consumption of electricity from the public grid to-
talled 49.3 TWh in 2016, a decrease of 5.6% below the historical
maximum recorded in 2010. Peak power demand reached 8 141MW in
17 February, 480MW below the previous year and around 1260MW
lower than the all-time high in 2010 [31].
Fossil fuels still play an important role in the energy system, parti-
cularly coal, which was responsible for 21% of power output in 2016
[31], but wind and hydro power have gained considerable importance
as Energy Sources, even though the share of hydropower is highly de-
pendent on the hydrological conditions [32]. In 2016, Renewable En-
ergy Sources (RES) accounted for 57% of consumption (Fig. 9), com-
pared to 47% in the previous year. The meteorologic conditions also
affect the electricity market. In a wet hydrological year, domestic
production can cover around 95% of electricity consumption, while in
dry years the “net” imports can reach 20% of demand (e.g. 2012).
Non-dispatchable generation in 2016 reached 21.5 TWh, with the
load diagram on the day of peak annual demand (17/2/2016) showing
a variation from 4814MW in the void period, to around 8141MW in
peak periods [31]. This fluctuation was met by natural gas and an in-
crease in imports, since wind and hydro power production was un-
available or insufficient, illustrating the relevance that energy storage
can play for the country. Currently, energy storage coupled with RES is
restricted to PHS, which accounted for around 1.1 TWh supply in 2015,
with the energy consumption from pumps reaching some 1.5 TWh.
The National Renewable Energy Action Plan (NREAP) comprises
sectorial annual targets up to 2020, namely: 50% of renewable elec-
tricity, 34% of renewable energy consumption in heating and cooling
and 12% share of renewable energy in transport, corresponding to a
total consumption of gross final energy from RES of 32% in a reference
scenario [32]. Considering the high national RES potential and the
Fig. 6. Location of selected deep porous media aquifers in the Lusitanian basin.
Table 4
Screening criteria for selection of host rock reservoirs for energy storage.
Criteria Requirements
Geology Rock Type Intrusive igneous rocks, massive chemical sedimentary
rock, and massive nonfoliated metamorphic rocks
Structure Homogeneous, isotropic rocks; no significant tectonic
deformations, rocks poorly faulted, fissured, jointed
and folded; no discontinuities.
Depth 70–200m or depths where the hydrostatic pressure of
ground water equals or slightly exceeds the pressure of
the stored product
Porosity Low Porosity
Permeability Low Permeability
Hydraulic Conductivity < 10−8 m/s for water
Thermal Stability From 4 to 80 °C
Lifetime of Storage
Caverns
30 years or longer
Fig. 7. Location of igneous host-rock reservoirs. The Sines sub-volcanic massif
hosts a cavern for LPG storage purposes.
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ambitious agenda of the current public policy, it is expected that Por-
tugal becomes a EU leader in renewable electricity exports with the
increase of electricity interconnections between Iberia and other Eur-
opean countries.
Fig. 10a depicts the location and type of the potential geological
reservoirs for large-scale energy storage identified, although with
varying degrees of knowledge and uncertainty, and the location of the
existing RES (wind, solar, small hydro) power generation facilities.
There is an excellent overlap between the location of wind facilities and
the selected reservoirs in salt formations and porous media aquifers in
the western part of the country. This overlapping also occurs with the
host-rocks reservoirs located in the south of the country, namely in the
Sines and Monchique massifs, and with some of the granitoids massifs
selected in the northern part of thecoutnry.
Solar sources are not favourably located with respect to the storage
opportunities, being mostly located in the south of the country, in
Alentejo, where the geology is dominated by metamorphic and some
igneous rocks, invariably highly tectonised.
Hydropower sources predominate in the north and central Portugal.
There is some coincidence of locations with reservoirs in host rocks in
the north of country, but in region the topographic conditions are
adequate for PHS, with no need to resort to an underground
reservoir.Motivation for combining energy storage in geological for-
mations with hydropower sources would have to come from environ-
mental aspects, rather than from the absence of topographic conditions.
The existing and planned caverns, either excavated or built by so-
lution-mined, and designed to be used for natural gas or LPG storage,
are not distant from wind farms. Should their current or planned use be
discontinued, those caverns could provide interesting spots for detailed
studies aiming to combine surplus electricity production from the wind
farms with CAES or UGS opportunities.
Fig. 10b overlaps the location of the selected geological reservoirs,
the very high voltage electricity distribution grid and the natural gas
pipelines. Notice that the standard configuration of CAES (diabatic
CAES) requires air heating in the discharge phase and injection of the
gas (methane, hydrogen) resulting from P2G requires proximity to a gas
transport network.
Once again, the salt and aquifer reservoirs in western Portugal have
the most favourable location, being located near the high voltage
electricity grid and the natural gas network. The existing LPG cavern in
Sines and the Sines massif has a whole, are also very close to those in-
frastructures.
The host rock reservoirs located in the northern part of the country
are, almost invariably, very distant (tens to hundreds of km) from the
natural gas network. The same occurs for the potential storage locations
in the south of the country (the host rock reservoir in Monchique or the
salt formations and salt mine in Algarve). The implementation of sto-
rage technologies requiring connection to the natural gas network
would imply the need to expand that network, with obvious financial
implications. That does not mean that those reservoirs cannot be used
for energy storage, but merely that the applicable technologies are more
restricted to either underground pumped hydro or thermal energy
storage for the host-rock reservoirs and to Adiabatic CAES for the salt
formations and caverns in Algarve.
Overall, it seems that the target areas for local-scale studies in
Portugal should focus primarily in the western part of the country, the
Fig. 8. a) Distribution of identified reservoirs per type. “Caverns” refer to existing or planned caverns in salt formations (7 solution-mined and 1 excavated existing
caverns and 3 others planned) or in host-rocks (1 existing cavern); b) feasibility of each storage technology per reservoir type and per feasibility class (Proven, Likely,
Possibly, Unknown/maybe). Each reservoir type in a) is classified according to its suitability for UPHS, CAES, UTES and UGS. Unsuitable reservoirs for a given
technology can be inferred by comparing charts a) and b). See online version for colour code.
Table 5
Suitability and currently known techno-economic feasibility and maturity of each underground storage technology for the different reservoir types. Adapted from [5].
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Lusitanian basin, exploring the possibilities of using the salt formations,
salt caverns and porous media aquifers to store energy surplus from the
nearby wind farms or directly form the transmission grid, either in a
CAES process or combined with a P2G process. The Sines massif, with
proven capability to store LPG, proximity to the natural gas network, to
the electricity transmission grid and to wind farms, is also an interesting
location.
The host rock reservoirs located in the northern part of the country
and the potential reservoirs in the Algarve are not ideally placed with
respect to the required infrastructures, but local detailed studies should
be considered for at least UPHS and UTES.
5. Conclusions
A first screening of potential sites for geological storage of energy in
Portugal was accomplished in the H2020 ESTMAP project. The analysis
was based on regional scale assessments, except for the existing salt
caverns and salt mines, for which local data was supplied by operators.
Amongst the prospective reservoirs, salt formations and specially
the existing and planned salt caverns and two salt mines are the most
interesting, since there is experience of natural gas storage in some of
those caverns. Research on the adequacy for energy storage (either
CAES or UGS) should focus on these two mines, aiming to characterise
the current conditions and the sealing of the existing caverns. For all
other potential salt formations knowledge about in situ conditions is
insufficient, including in what regards the geometry of the salt domes
and layers.
Saline aquifers in the Lusitanian basin, in the western coast of the
country, were also identified as potential reservoirs, once again for
CAES and UGS, although the information is scarcer than for salt
Fig. 9. a) Electricity generation in Portugal, per sources, in 2016; b) RES installed capacity (MW) in 2016. In 2016, RES contribution was 57%, mainly from wind and
hydro. The RES installed capacity amounted to 13,046MW. Based on data by REN [31].
Fig. 10. Selected study areas to identify geological reservoirs for energy storage in Portugal. a) overlap of the potential reservoirs and the RES generation areas
(except for biomass). Proximity between reservoir and availability of surplus energy from RES favours energy storage; b) overlap of the potential reservoirs and
electricity transmission grid and natural gas pipeline network. Proximity between reservoir and the very high voltage transmission grid is favourable. For the CAES
technology, supply of natural gas may be necessary during the discharge phase in Diabatic CAES to heat the expanding air.
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caverns. As for the storage potential in host rocks, a very preliminary
approach pointed towards sites that should be the subject of future
works. However, unless proven by studies in other countries to have
some economic advantages, storage in this reservoir type in Portugal is
probably of very limited interest.
The location of the potential geological reservoirs with respect to
Renewable Energy Sources, high voltage transmission lines and natural
gas pipelines, indicates favourable overlapping in the western part of
the country, where the existing salt caverns, one abandoned salt mine
and the saline aquifers are located. The Sines industrial area, with
proven capacity in host rocks, existing wind farms and well connected
to power and gas networks is also an interesting area for further studies.
The identification of areas suitable for energy storage provides an
economic value to the underground porous space and an incentive to
deploy research programmes, including drilling and geophysical ex-
ploration in the most promising areas. Further studies should also focus
on natural seismicity given the seismic risk profile of the country.
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